Despite the rapidly growing number of stellar-mass binary black hole mergers discovered through gravitational waves, the origin of these binaries is still not known. In galactic centers, black holes can be brought to each others' proximity by dynamical processes, resulting in mergers. It is also possible that black holes formed in previous mergers encounter new black holes, resulting in so-called hierarchical mergers. Hierarchical events carry signatures such as higher-than usual black hole mass and spin. Here we show that the recently reported gravitational-wave candidate, GW170817A, could be the result of such a hierarchical merger. In particular, its chirp mass ∼ 40 M and effective spin of χ eff ∼ 0.5 are the typically expected values from hierarchical mergers within the disks of active galactic nuclei. While we cannot rule out an isolated-binary origin, our results are suggestive (albeit not definitive, with a Bayes factor of ∼ 10), especially together with the binary merger GW170729, that some gravitational-wave observations may come from hierarchical mergers.
INTRODUCTION
During their first two observing runs, the Advanced LIGO (Aasi et al. 2015) and Advanced Virgo (Acernese et al. 2015) gravitational-wave observatories reported the discovery of ten binary black hole mergers (Abbott et al. 2019a) . While these events revealed considerable new information about the properties of binary black holes, it is still uncertain what astrophysical process leads to their formation and merger.
Leading possibilities for binary formation include isolated stellar binaries in which each star gives birth to a black hole through stellar core collapse, i.e. directly creating a black hole binary (hereafter isolated binaries). Alternatively, the black holes can form independently and can be brought together dynamically. This latter scenario is expected to occur in environments such as galactic centers or globular clusters with high black hole number densities (hereafter dynamical mergers).
Within dense black hole populations it is possible that a black hole formed in a previous merger encounters new black holes and merges again (O'Leary et al. 2006; Gerosa & Berti 2017; Fishbach et al. 2017; Rodriguez et al. 2019; Antonini et al. 2019 ). This scenario, referred to as a hierarchical merger, has distinct observational signatures that makes it possible to differen- * imrebartos@ufl.edu tiate it from other formation channels. In particular, consecutive mergers can result in heavier black holes than otherwise possible. Black holes formed during stellar core collapse are not expected to reach masses beyond about 50 M , as the heaviest stars above a critical mass explode due to pair instability without leaving a remnant behind (Woosley 2017) . Therefore black holes above ∼ 50 M must have originated from something other than a single star. Hierarchical mergers present a straightforward explanation for such heavy black holes.
Black hole spins can also carry the signature of hierarchical mergers. As two black holes coalesce, they form a new black hole with a characteristically high spin. In the case of the merger of two equal-mass black holes with no spin, the final black hole will be formed with dimensionless spin parameter a ≡ cJG −1 M −2 ≈ 0.7 (Berti & Volonteri 2008) , where c is the speed of light, J and M are the angular momentum and mass of the black hole, respectively, and G is the gravitational constant (Pretorius 2005) . The parameter is bound to be within −1 < a < 1 for any black hole. In dynamical mergers, the encounter of two black holes is typically random and the orientation of the black hole spins will be independent of the binary's orbital axis.
An exception from this random spin orientation are mergers within Active Galactic Nuclei (AGNs). Supermassive black hole accretion disks in AGNs are expected to interact with the dense population of stellar arXiv:1911.11142v1 [astro-ph.HE] 25 Nov 2019 1g 1g 1g 2g 3g Figure 1 . Illustration of hierarchical mergers in AGN disk migration traps. Stellar-mass black holes orbiting the central supermassive black holes interact with the AGN disk and gradually align their orbits with the disk's plane. Once in the disk, they experience a pressure gradient that moves them towards a migration trap in the disk, near the supermassive black hole. Black holes moving into the trap consecutively coalesce, leading to a chain of mergers. mass black holes in the galactic center, aligning some of the black holes' orbits with the disk (McKernan et al. 2012; Bartos et al. 2017b; Stone et al. 2017; Bartos et al. 2017a; Corley et al. 2019; McKernan et al. 2019) . Black holes within the disk may then migrate within the disk to so-called migration traps, due to torques exerted by the gas (Bellovary et al. 2016) . As all black hole that align their orbit with the AGN disk will end up in the migration traps, they can consecutively merge with each other; AGNs act as a black hole assembly line. Rapid binary merger within the disk is ensured by dynamical friction, making the overall merger time 1 Myr (Bartos et al. 2017b ). As black holes reside within the disk, all binary orbits will effectively be in the same plane. The spins of newly formed black holes will also be aligned (or anti-aligned) with the disk. This spin alignment can observationally distinguish hierarchical mergers within AGN disks from other hierarchical merger cases, where such alignment is atypical .
Looking at the 10 black hole mergers published by the LIGO Scientific Collaboration and Virgo Collaboration (hereafter LIGO-Virgo) so far (Abbott et al. 2019a ), one of the binaries, GW170729, stands out with character-istically different features. While the black hole masses in the other 9 binaries are consistent with a power-law distribution with an upper mass cutoff around 45 M (Abbott et al. 2019b ), GW170729 appears heavier, with the mass of one of its black holes likely being above 50 M (Abbott et al. 2019a ). Reconstructed black hole spins are also interesting. Among spin measurements, the most accurately measured quantity through gravitational-wave observations is the binary's so-called effective spin
where M = m 1 + m 2 is the total mass of the binary, m 1 and m 2 are the masses of the two black holes (m 1 ≥ m 2 ), S 1,2 are the spin angular momentum vectors of the black holes in the binary, and L is the orbital angular momentum vector. The measured χ eff for 8 of the black holes is consistent with zero, while for one event it is positive but small. In comparison, GW170729 has a higher reconstructed value, χ eff ∼ 0.4. Both the mass and χ eff of GW170729 are consistent with a hierarchical merger occurring in an AGN (Stevenson et al. 2017) .
With the public data release by LIGO-Virgo of their first two observing runs (O1 and O2), it became possible for external groups to carry out gravitational-wave searches. A recent such work, using a novel technique to identify signals from a single gravitational-wave detector, identified multiple possible binary black hole merger in data from the O2 observing run (Zackay et al. 2019) . The most significant of these black hole mergers, which they named GW170817A (not to confuse with the binary neutron star merger GW170817 that occurred on the same day; Abbott et al. 2017) , was reconstructed to be a binary with black hole masses and spins similar to GW170729, albeit with large uncertainties.
In this paper we examined whether GW170817A is a hierarchical merger. We used two binary parameters that are best reconstructed using gravitational waves: the binary's chirp mass M ≡ (m 1 m 2 ) 3/5 (m 1 + m 2 ) −1/5 and χ eff . We compared these parameters to (i) the reconstructed distribution of LIGO-Virgo's binary black hole mergers from the O1 and O2 runs other than GW170729, (ii) the distribution expected for hierarchical mergers in AGNs , and (iii) the distribution for a hierarchical merger scenario assuming chance encounters (Healy et al. 2014 ).
Below we present our method in Section 2, our results in Section 3, and we conclude in Section 4. We carried out a Bayesian model comparison for GW170817A, adopting the method of Kimball et al. (2019) . Considering two models, denoted with A and B, we estimate their Bayes factor K, i.e. the ratio of the likelihood of one of the models to the likelihood of the other model, as
where P (GW |M, χ eff ) is the likelihood of recording gravitational-wave data GW for true binary parameters M and χ eff , while P (M, χ eff |A) is the probability distribution of M and χ eff for model A. The definition is the same for model B. The above likelihood is obtained by dividing the posterior sample by the priors sample used for the parameter estimation analysis.
In this study, we considered the following three models:
LIGO-Virgo observation-based distribution (1g) -This
model is based on the reconstructed distribution of binary black hole parameters for all events detected by LIGO-Virgo during the O1 and O2 observing runs (model B in Abbott et al. 2019b) . Assuming that these black holes are the end products of stellar evolution, we refer to them as 1g, or first-generation (see Gerosa & Berti 2017) . The primary black hole mass is distributed based on the power-law p(m 1 ) ∝ m −α 1 , with α = 1.6. The mass distribution cuts off at a lower mass of 5 M and upper mass of 45 M . The secondary black hole mass m 2 is randomly distributed within the lower mass cutoff and m 1 . The spin amplitudes of the black holes are distributed within 0 − 0.9 following a beta distribution (see Eq. 4 in Abbott et al. 2019b) , and their orientation is randomly drawn from an isotropic distribution.
Hierarchical black hole mergers model (2g) -In our second model we considered hierarchical mergers from chance encounters in dense black hole populations. We estimated the remnant mass M remnant and spin a remnant of a 1g merger using a higher-order phenomenological model (Healy et al. 2014) . We drew the parameters of the initial black hole binary from the distribution of our 1g model above. We assumed that 1g black holes have zero spin. This choice does not meaningfully change the spin of the remnant black hole as spin orientations would be random in dynamical encounters. Figure 2 left and right plot shows the total mass vs the ratio of the remnant mass with the total mass and the mass ratio vs the χ eff for the 1g model distribution respectively. The color bar corresponds to the mass ratio of the binary black hole system. Using this information, we generated the hierarchical model distribution where primary black hole mass and spin are M remnant and a remnant , respectively. The secondary black hole mass and spin were drawn from the distribution of our 1g model above. We note that this model neglects possible correlations between the black holes' masses, or that the merger probabil-ity depends on the black hole mass, such as in globular clusters (O'Leary et al. 2016) .
Hierarchical black hole mergers in AGN model (AGN) -
Hierarchical mergers within AGN disks have different properties than other hierarchical mergers. In our study, we adopted the hierarchical merger distribution obtained by . This distribution was generated by simulating the orbital alignment of black holes with AGN disks, and their migration into migration traps within the disk. found that about half the black hole mergers in AGN disks will be hierarchical, and about 20% will be 3g or higher. As black holes individually move into migration traps, one of the black hole is every binary is 1g.
To compare these models to observations, we converted the above rate-based distributions to detectionbased distributions by taking into account that the sensitive volume of LIGO-Virgo depends on the binary parameters. For this we adopted a detector sensitive volume that is proportional to M 15/6 (e.g., Martynov et al. 2016 ). Fig. 3 shows the probability density distribution of the above three models for detected binaries over the M−χ eff parameter space. For each distribution we overplotted the parameters of GW170817A as reconstructed by Zackay et al. (2019) . We took these latter parameters using Fig. 6 of Zackay et al. (2019) . The joint distributions in this Figure show that the masses and χ eff are approximately uncorrelated, we adopted these distributions without accounting for any correlation.
RESULTS
We computed the Bayes factor for the three possible combinations of our three models using Eq. 2. Denoting the Bayes factor of model i compared to model j as K i j , we obtained K AGN 1g ≈ 10, K 2g 1g ≈ 7, and K AGN 2g ≈ 1.4. We see that a hierarchical merger is more likely to produce the parameters of GW170817A than a 1g merger. As shown in Fig. 3 , this is due to both the expected higher mass and higher effective spin of hierarchical binaries compared to LIGO-Virgo's O1-O2 detections (other than GW170729).
We also see that an AGN-based hierarchical merger is a somewhat more likely explanation of GW170817A than a 2g merger from a dynamical encounter. The reason is the different expected spins. As AGNs assemble an aligned black hole spin and orbital angular momentum, resulting in higher χ eff , chance encounters result in randomly oriented spins, resulting in typically smaller χ eff .
Determining the origin of GW170817A depends on not just the above Bayes factors, but also the expected rates of the different formation channels. The odds ratio of model B against model A in explaining observations can be written as
where R det,A and R det,B are the expected detection rates for for models A and B, respectively. The rate density of binary black holes detected by LIGO-Virgo is known from observations to be ∼ 10 − 100 Gpc −3 yr −1 (Abbott et al. 2019a) 1 . The situation is less clear for hierarchical mergers. estimates that the fraction of LIGO-Virgo detections of hierarchical mergers in AGNs is 10 − 30%. While the fractional merger rate in AGNs is relatively lower, the spectral hardening during orbital alignment ) and the hierarchical process increases the black hole masses compared to the black holes' initial mass distribution, resulting in greater detection volume for LIGO-Virgo. Using 10 − 30% as the AGN hierarchical merger fraction of all detected LIGO-Virgo events, the odds ratio of the AGN model vs. the 1g LIGO-Virgo population is O AGN 1g = 1 − 3. To estimate the odds ratios for our 2g model, we consider recent Monte Carlo simulations of globular clusters coupled with their intragalactic evolution, which showed that the rate of all black hole mergers from globular clusters is in the range of 4 − 60Gpc −3 yr −1 at redshift z < 0.5 (Rodriguez et al. 2016; Fragione & Kocsis 2018; Rodriguez & Loeb 2018) . The rate of 2g mergers among these mergers is estimated to be 10% of the total rate density which amounts to ∼ 20% of the total detection rate due to their increased detection volume (O'Leary et al. 2016; Rodriguez et al. 2019) . As the predicted merger rate of 60Gpc −3 yr −1 is higher than part of the allowed range of overall merger rate measured by LIGO-Virgo, for the odds ratio calculation we limit the globular-cluster rate to less than or equal to the overall LIGO-Virgo rate. The corresponding odds ratios are O 2g 1g = 0.1 − 1.4 and O AGN 2g = 0.7 − 10. Our 2g model only includes second-generation mergers. Hierarchical mergers from dynamical encounters could also lead to higher-generation mergers, which would lead to higher typical masses. However, the typical effective spin would not significantly increase as the spin orientation in dynamical encounters is random. Therefore, we do not expect our likelihood for GW170817A to significantly change if we include 3g+ mergers in our 2g dynamical encounter model.
CONCLUSION
We examined whether the newly identified binary black hole merger, GW170817A, could be a hierarchical merger. While the event is not as certain to be astrophysical as some of LIGO-Virgo's other discoveries, assuming it is a gravitational-wave signal we found moderate evidence that it was produced by a hierarchical merger.
In particular, a hierarchical merger in an AGN disk is expected to have a chirp mass and an effective spin centered around M ∼ 45 M and χ eff ∼ 0.4, close to the reconstructed parameters of GW170817A, i.e. M ∼ 40 M and χ eff ∼ 0.5. We obtained a Bayes factor K AGN 1g ≈ 10 comparing this AGN model to LIGO-Virgo's O1-O2 detections other than GW170729, corresponding to an odds ratio of O AGN 1g = 1 − 4. GW170817A is also consistent with a hierarchical merger from dynamical encounters. We found that the Bayes factor of a 2g merger over mergers drawn from LIGO-Virgo's O1-O2 distribution is K 2g 1g ≈ 7.
Together with GW170729 which had very similar reconstructed parameters (M ∼ 35 M and χ eff ∼ 0.4), GW170817A may be the first example for an exciting new population of hierarchical black hole mergers. With further similar observations it is possible that they will emerge as the first definitively identified source of origin for black hole mergers.
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